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Fluorene functionalized nanoporous SBA-15 has been  
used as a novel solid phase adsorbent for removal of  
acid brown 214 from water solution. SBA-15 grafted with N-(4-
(trimethylsilyl)butyl)-9H-fluorene-9-amine has been synthesized 
according to procedure in the literature. Structural properties of 
the prepared materials have been characterized by FT-IR, Raman 
spectrum, TGA, and XRD analyses and nitrogen physisorption 
isotherms. Dye removal using adsorption requires a proper study 
to determine its optimal performance characteristics. In this study, 
the effects of pH, the amount of adsorbent, contact time and dye 
concentration on adsorption were determined in order to find the 
optimum adsorption conditions. The data fits well to the Langmuir 
model with maximum adsorption capacities 454.5 mg/g for Acid 
Brown 214 under pH=4. Also the adsorption kinetics parameters 
have been studied and evaluated. Adsorption of acid brown  
214 on fluorene functionalized nanoporous SBA-15 reached 
equilibrium after 5 min and follows the pseudo-second order 
kinetic model. Desorption process of the adsorbed dye is also 
investigated.  
Keywords: Dye removal, Acid Brown 214, N-(4-(trimethylsilyl) 
butyl)-9H-fluorene-9-amine functionalized SBA-15 
Synthetic organic dyes are one of the major pollutants 
and water contaminants in effluents of textile, leather, 
paper, plastic, printing, food, and mineral processing 
industries1–3. Aromatic dyes, especially azo dyes, 
cause severe ecological problems and are classified  
as environmentally hazardous materials due to their 
toxicity and slow degradation4–6. Treatment of 
industrial effluents containing carcinogenic and 
mutagenic azo dyes is necessary prior to their final 
discharge to the environment and meets the stringent 
environmental regulations7–10. 
Azo dyes are highly soluble in water and their 
removal from wastewater is difficult by conventional 
coagulation and activated sludge processes11. These 
dyes are not normally removed by conventional 
wastewater treatment systems. Therefore, the 
employment of these dyes must be controlled, and the 
effluents must be treated before being released into 
the aquatic and terrestrial environment12,13. Hence, it 
becomes imperative that azo dyes are removed from 
the effluents before it is disposed off.  
Currently, several physical or chemical processes 
are used to treat dye-laden wastewaters, such as 
adsorption14-18, and chemical oxidation10,19, electro-
chemical oxidation 20, and photocatalytic oxidation21, 
Adsorption techniques are quite popular due to their 
simplicity and highly effective methods for removal 
of dye from wastewater 22 and the adsorbent was 
frequently used in the treating processes. The 
adsorbent for removal of dyestuffs from wastewater 
includes activated carbon, magnetic nanoparticles, 
zeolite, montmorillonite and other natural materials23-27. 
The ideal adsorbent should have a stable and 
accessible pore structure with uniform pore size 
distribution as well as high surface area. Mesoporous 
materials exhibit a number of potential advantages as 
adsorbents for the removal of dyes from waste 
water28-30. The development of functionalized 
mesoporous materials for adsorption applications 
including the removal of dyes has generated a 
considerable interest. For adsorption processes, a 
variety of functional groups can be grafted or 
incorporated on the surface of mesoporous channels 
and prepare highly effective adsorbents31,32. 
Mesoporous materials, such as SBA-333, ammonium 
functionalized MCM-4134, and silane-modified 
HMS35, have been found to be as suitable adsorbents 
for the removal of dyes from wastewater.  
The study of mesoporous silica molecular  
sieves has attained considerable attention due to  
their high surface area, large pore volume, and  
good performance as effective adsorbents. The 
discovery of SBA-15 is a significant progress in the 
field of mesoporous materials. The hexagonally 
arranged and highly ordered SBA-15 materials 
possess many advantages such as easy synthesis, 
tunable pore size, and thick pore wall36. The  
specific porous structure and the excellent textual 
properties allow easier diffusion of target molecules 
into the active sites. Therefore, they have been used 
for various applications and shown to be of 
considerable performance. 
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In this study SBA-15 grafted with N-(4-
(trimethylsilyl) butyl)-9H-fluorene-9-amine (fluorene 
functionalized SBA-15) has been prepared and 
characterized and then these prepared materials  
were applied as a new adsorbent to remove of typical 
triazo acid dye, Acid Brown 214 (AB 214). The 
applicability of this adsorbent has been evaluated in 
view of the effects of solution pH, adsorbent dosage, 
dye concentration and contact time. To the best of our 
knowledge, there is no previous report on adsorption 
techniques to removal of acid brown 214 from 
aqueous media. 
 
Experimental Section  
The pH was controlled by Metrohm pH-meter 
model 713 and Shimadzo 25 double beam 
spectrophotometer was used for the detection of  
dye concentration in the solution. 
FT-IR spectra were obtained on Equinox 55 
spectrometer. Raman spectra were obtained on 
SENTERRA spectrometer. Small and wide angle  
X-ray scattering (XRD) patterns were recorded with a 
model Hecus S3-MICROpix SAXS diffractometer 
with a one-dimensional PSD detector using Cu Kα 
radation (50KV, 1mA) at wave length 1.542 A°. 
Thermogravimetric analysis (TGA) was performed on 
a TA Q50 instrument. The scans were performed 
between 25 and 800°C at 10°C/min. Elemental 
analyses was carried out by a Rapid elemental 
analyzer. Nitrogen physisorption isotherms were 
obtained on a BELSORP mini-II at liquid nitrogen 
temperature (77K). Surface area was measured using 
the Brunnauer-Emmett-Teller (BET) method, pore 
size distributions were calculated from the nitrogen 
isotherms by Barret-Joyner-Halenda (BJH) method.  
All Chemicals were of the reagent–grade and 
purchased from Fluka and Merck chemical 
companies. Double distilled water (DDW) was used 
throughout the study. The pipettes and vessels used 
for trace analysis were kept in dilute nitric acid for at 
least 24 hr and subsequently washed four times with 
DDW before use. 
The stock solution of dye was prepared by 
dissolving dye powder in DDW and diluted to prepare 
the desired concentration of dye solutions.  
 
Synthesis of fluorene functionalized nanoporous SBA-15 
SBA-15 material was synthesized by following the 
procedure reported in literature37-40. Aminopropyl 
functionlized SBA-15 material was synthesized by 
following the procedure reported by Zheo et al. 40. 
Aminopropyl functionlized SBA-15 (2 g) was placed 
under vacuum for 30 min, then 80 mL dry toluene was 
added and stirred for 15 min, 9-bromofluorene41 (1.11 g, 
4.5 mmol) was added to the resulting mixture under 
inert atmosphere (Ar) and reflux for 24 hr. Then it was 
cooled at room temperature and toluene was removed 
by filtration under vacuum. It was dried at room 
temperature and functionalized silica was washed with 
ethanol by using a soxhlet apparatus for 3 days, 
followed by drying at room temperature to remove 
ethanol. The structural formula is given in Fig. 1. 
 
Dyes removal experiment  
Batch adsorption experiments were conducted with 
the fluorene functionalized nanoporous silica SBA-15 
for the removal of AB 214 from aqueous solutions. 
Equilibrium adsorption experiments were conducted by 
adding 0.010 g of fluorene functionalized nanoporous 
silica into 10 mL of 50 mgL−1 of each of acidic dye 
solution at pH 4. All of the adsorption experiments 
were conducted in triplicate. The mixed solution was 
gently shacked at room temperature for 5 min. At the 
end of the adsorption period, the supernatant was 
centrifuged for 5 min at 3800 rpm. The residual 
amounts of dyes in the solution were determined 
spectrophotometrically at 486 nm for AB 214.  
The adsorption percentage for dye, i.e. the dye 
removal efficiency, was determined using the 
following expression: 
% 𝑅 ൌ  ൤ሺ𝐶௢ െ 𝐶௧𝐶௢ ൨  ൈ 100 
Co and Ct represent the initial and final (after 
adsorption) concentration of dye (mgL-1), respectively.  
All the experiments were performed at room 
temperature. The effects of pH, the amount of 
adsorbent, contact time and dye concentration on 
adsorption were investigated. The adsorption kinetic 
was determined by analyzing adsorption capacity of 
the aqueous solution at different time interval. For 
adsorption isotherm, the dye solution of different 
concentration in the range of 50-1000 mgL-1 was 
agitated until the equilibrium was achieved. The 
 
 
Fig. 1 ― The structure of fluorene functionalized SBA-15 
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adsorbed amounts (qe) of dye were calculated by the 
following equation: 
𝑞௘ ൌ  ൤𝐶௢ െ 𝐶௘𝑚 ൨ ൈ 𝑉 
where Co and Ce are the initial and equilibrium 
concentrations of dye in mgL-1, m is the mass of 
adsorbent (g), and V is the volume of solution (L).  
 
Results and Discussion 
 
Adsorbent characterization 
Figure 2a shows the small angle XRD patterns of 
the fluorene functionalized SBA-15. The sample have 
a single intensive reflection at 2θ angle around 0.87° 
similar to the typical SBA-15 materials, that is 
generally recognized to the long-range periodic40. 
Also two additional peaks related to the higher 
ordering (110) and (200) reflections are also 
observed, which is associated with a two-dimensional 
hexagonal (p6mm) structure41. However, in the case 
of functionalized SBA-15 material, the peak (100) 
intensity decreases after immobilizations due to the 
difference in the scattering difference of the pores and 
the walls, and to the irregular covering of organic 
groups on the nanochannels36. 
The textural properties of the sample were 
evaluated by the nitrogen adsorption-desorption 
isotherm (Fig. 2b). The material exhibits a typical 
irreversible type IV nitrogen adsorption isotherm 
with an H1 hysteresis loop as defined by IUPAC42. 
The nitrogen adsorption at low relative pressures is 
accounted for by monolayer adsorption of N2 on the 
pore walls, and does not essentially involve the 
presence of micropores. The sharp inflection in the 
P/P0 range from 0.40 to 0.60 of the isotherm is 
characterized as capillary condensation within 
uniform mesopores, the position of which is clearly 
correlated to a diameter in the mesopore rang. The 
pore size distribution can be calculated from BJH 
method based on the desorption branch of the N2 
adsorption isotherm. As demonstrated in Fig. 2b, a 
typical BJH plot from modified SBA-15 with fluorene 
a narrow pore size distribution is observed43. The 
uniformity of the mesopores in this modified SBA-15 
is comparable to the SBA-15, indicating that the 
integrity of the original inorganic wall structure of the 
SBA-15 is retained. The textural parameters, specific 
surface areas (BET method), pore diameters (BJH 
method) and total pore volumes are given in Table 1. 
Figure 2c shows FT-IR spectrum of fluorene 
modified SBA-15. The bands at 800 and 1086 cm-¹ 
 
 
Fig. 2 ― Small angle XRD pattern fluorene functionalized 
SBA-15 (a), Nitrogen adsorption-desorption isotherm of fluorene 
functionalized SBA-15, (inside: BJH pore size distribution curve
of functionalized SBA-15) (b), FT-IR spectrum of fluorene 
functionalized SBA-15(c) 
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are attributed to Si-O-Si and Si-O stretching 
vibrations, respectively44. Also the adsorption bands 
at 1598 and 1465 cm-¹ due to N-H bending. The  
band at 2930 cm-¹ is assigned to C-H stretching 
vibrations of the methylene groups. The strong peak 
of 742 cm-1 was observed which due to the C=C ring 
skeletal vibrations and also the weak peak at 1610 and 
1449 cm-1 are related to the same type of vibrations. 
Figure 3a shows the Raman spectrum of fluorene 
modified SBA-15. The band at 2900 cm-1 is attributed 
to C-H stretching in the propyl chain in fluorene 
modified SBA-15. The strong bands at 1610, 1484 
and 1024 cm-1 are related to the C-C and C=C ring 
skeletal vibrations of fluorene. The bands at 3100 and 
1350 cm-1 are attributed to C-H ring and C-N 
vibrations, respectively that confirm fluorene was 
attached on the surface of SBA-15 (Ref.45). The IR 
and Raman results exhibit that fluorene is attached on 
the surface of SBA-15. 
Thermogravimetric analysis (TGA) and elemental 
analysis were carried out to determinate the grafted 
amount of fluorene incorporated in SBA-15. The 
TGA profile sample of Y10-2 is illustrated in Fig. 3b.  
The weights loss at temperature about 100°C is 
corresponded to the desorption of physisorbed water 
that is 1.5% for fluorene modified SBA-15 (Ref. 46). 
The weights loss (17.24 %) between 200 and 600°C 
are due to the decomposition of organic groups in 
fluorene modified SBA-15. A minor weight loss due 
to silanol condensation at high temperature was 
observed47. The experimental and the theoretical C/N 
molar ratio of fluorene modified SBA-15 was 
calculated from the elemental analysis data (Table 2) 
which confirms that fluorene is grafted to surface. The 
TGA is in the good agreement with the organic 
content determined by elemental analysis. 
 
Effect of pH on the removal yield 
The effect of pH on the adsorption of dye was 
stadied from pH 2.0 to 8.0. The pH was adjusted by 
HCl and NaOH and measured by digital pH meter. 
The pH may affect both aqueous chemistry and 
surface binding sites of the adsorbent. Acid dyes are 
also called anionic dyes because of they usually exist 
in the sulphate form. Also, at lower pH, the 
functionalized SBA-15 surface will be positively 
charged via protonation process, which increases the 
electrostatic attractions between acid dye molecules 
and functionalized SBA-15 surface. The adsorption of 
the investigated dye was increased when the pH of the 
solution increased from 2 to 4 and decrease slowly at 
higher pH values. At higher pH the number of 
positively charged sites is reduced and raised the 
number of negatively charged sites, creating 
electrostatic repulsion between the negatively charged 
surface of the functionalized SBA-15 and the anionic 
acid dyes molecules. On the other hand, the lower 
adsorption of acid dye, at alkaline pH is because of 
the presence of excess OH- ions competing with the 
dye anions for the adsorption sites. As a result, there 
was in a significant reduction in the adsorption of acid 
Table 2 ― The elemental analysis of fluorene functionalized SBA-15 
Sample C% N% C/N Experimental C/N Theoretical Aminopropyl (mmol /g) Fluorene (mmol /g) 
Fluorene functionalized SBA-15 12.98 1.6 8.1 9.5 1.2 0.55 
 
 
Fig. 3 ― Raman spectrum (a), TGA analysis (b) of fluorene 
functionalized SBA-15 
 
Table 1 ― The pore diameter (DBJH), BET surface area (SBET) and 
the total pore volume (Vtotal  from nitrogen adsorption-desorption 
for the SBA-15 and fluorene functionalized SBA-15 
Molecular sieves 
   
SBA-15 6.2 587 0.780 
Fluorene 
functionalized 
SBA-15 
4.2 200 0.365 
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dyes from the solution. Hence, pH=4 was chosen for 
subsequence experiments. 
 
Effect of the amount of adsorbent on removal efficiency 
The effect of the amount of fluorene functionalized 
nanoporous silica SBA-15 as adsorbent on the 
removal of AB 214 was determined at room 
temperature and at pH 4.0 by varying the adsorbent 
amount from 0.003 to 0.020 g in 10 mL solution of  
50 mg L-1 of dye. The results show that the removal 
efficiency of AB 214 was increased by increasing the 
amount of absorbent due to the availability of higher 
adsorption sites. The 0.005 g functionalized SBA-15 
had a removal efficiency of 98% and then the 
percentage removal reached almost a constant value 
which is considered as complete removal of dye.  
 
Adsorption kinetics  
The equilibrium time between the pollutant and the 
adsorbent is of significant importance in the 
wastewater treatment by adsorption. For an adsorbent 
to be efficient in wastewater treatment, it needs to be 
able to show a rapid uptake of the pollutants and 
reach the equilibrium in a short time. Adsorption 
equilibrium time is determined as the time after which 
the concentration of the acid dye solution remains 
unchanged during the course of adsorption process. 
The effect of contact time on the amount of dye 
adsorbed was investigated at the initial concentration 
of 50 mg L−1 of dye at pH 4.0 at room temperature. 
The concentration of dyes was measure periodically 
in 3, 5, 10, 15, and 20 min. The effect of contact time 
on the adsorption capacity of AB 214 was studied by 
the functionalized nanoporous silica SBA-15. It is 
clear that the adsorption capacity increases rapidly 
during the initial adsorption stage and then continues 
to increase at a relatively slow speed with contact 
time and reaches equilibrium point after 5 min. To 
investigate the adsorption mechanism of AB 214 for 
functionalized nanoporous silica SBA-15, two kinetic 
models, pseudo first-order kinetic model and pseudo-
second-order kinetic model, were considered to find 
the best fitted model for our experimental data. 
The pseudo-first-order Lagergren equation is given 
by Lagergren:48 
log  ሺ𝑞௘ െ 𝑞௧ሻ ൌ log 𝑞௘ െ 𝑘ଵ𝑡2.303 
where k1 is the pseudo-first-order rate constant 
(min−1), qe and qt are amounts of dye adsorbed  
(mg g−1) at equilibrium and at time t (min). 
The pseudo-second-order model can be expressed 
as:  
𝑡
𝑞௧ ൌ  
1
𝑘ଶ𝑞௘ଶ ൅  
𝑡
𝑞௘ 
where, k2 (g mg−1min−1) is the rate constant of the 
pseudo-second-order adsorption.49 
Kinetic constants obtained by linear regression for 
the two models. The results are listed in Table 3. The 
correlation coefficients (R2) for the pseudo-first-order 
kinetic model is relatively low and the calculated qe 
values (qe,cal) from the pseudo-first-order kinetic 
model do not agree with the experimental data (qe,exp), 
suggesting the adsorption of AB 214 onto the 
functionalized nanoporous silica SBA-15 cannot be 
applied a first order model. For the pseudo-second-
order kinetic model, the R2 value is 0.999 for AB 214 
and the qe,cal values agreed with the qe,exp values  
very well. This indicates the applicability of the 
second-order model to describe the adsorption process 
of AB 214 onto the functionalized nanoporous silica 
SBA-15. 
 
Adsorption isotherms 
The equilibrium adsorption isotherm is the basic 
requirement in the design of adsorption systems. The 
adsorption capacity of AB 214 at different dye 
concentration in the range of 50-1000 mg/L was 
investigated. It is evident that the adsorption capacity 
of AB 214 on the functionalized nanoporous silica 
SBA-15 depends on the dye concentration. This may 
be attributed to the extent of a driving force of 
concentration gradients with the increase in the dye 
concentration. As long as there are available sites, 
adsorption will increase with increasing dye 
concentrations, but as soon as all of the sites are 
occupied, a further increase in concentrations of dyes 
does not increase the amount of dyes on adsorbents.  
Two isotherm models, the Langmuir and the 
Freundlich models, are employed to describe the 
Table 3 ― Adsorption kinetic parameters of AB 214 adsorption on fluorene functionalized SBA-15 
Pseudo-first order Pseudo-second order Experimental data 
K1 (min-1) qe,cal (mgg-1) R2 K2  (gmg-1min-1) qe,cal  (mgg-1) R2 qe,exp (mgg-1) 
0.107 9.6 0. 865 26.3×10-3 104.1 0.999 102.4 
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sorption behavior on fluorene functionalized 
nanoporous silica SBA-15 in this study. The 
Langmuir isotherm model50 is based on assumptions 
that monolayer coverage of adsorbate occurs over 
homogeneous sites and a saturation point is reached 
where no further adsorption can act. The Freundlich 
isotherm model 51 is an empirical equation employed 
to describe heterogeneous system. Both isotherm 
models are represented as follows:  
The linearized form of the Langmuir is: 
𝐶௘ 𝑞௘ൗ ൌ  1 𝑏 𝑞௠ൗ ൅  
𝐶௘ 𝑞௠ൗ  
where qm is the maximum adsorption capacity 
corresponding to complete monolayer coverage and b 
is the equilibrium constant (L/mg). The data fit well 
to the model with correlation coefficients (R2) of 
0.990, and the maximum adsorption capacity in the 
studied concentration range is 454.5 mg/g. 
The Freundlich model can take the following 
linearized form: 
log 𝑞௘ ൌ log 𝑘௙ ൅  ଵ௡೑ log 𝐶௘  
where Kf is is roughly an indicator of the adsorption 
capacity and 1/nf is the adsorption intensity. The slope 
1/nf ranging between 0 and 1 is a measure of 
adsorption intensity or surface heterogeneity, 
becoming more heterogeneous as its value gets closer 
to zero.52 The constants are determined by using 
linear regression analysis and are presented in  
Table 4. As seen from Table 4, the Freundlich  
model is not suitable for describing the adsorption 
equilibrium of dye by functionalized SBA-15 and 
Langmuir isotherm model yielded the best fit with the 
highest R2 value compared to the Freundlich model.  
As the results show, the maximum adsorption 
capacity in the studied concentration range is  
454.5 mg/g for AB 214. Three sulphate groups in  
AB 214 increase the electrostatic attractions between 
acid dye molecule and fluorene functionalized SBA-15 
surface. Therefore, the adsorption capacity of fluorene 
functionalized SBA-15 for AB 214 seems to be enough 
high and these adsorbent can be suitable for the large-
scale removal of the pollutant dye from wastewater. 
Desorption and reuse study 
In order to evaluate the possibility of regeneration 
and reuse of the adsorbent, desorption experiments 
have been performed. Dye desorption was conducted 
by washing the dye loaded on fluorene functionalized 
SBA-15 using ethanol and sodium solution. For this 
purpose, 5.0 mL of ethanol or 2.0 M sodium 
hydroxide solution was added to the 5.0 mg of dye 
loaded adsorbent in a beaker. The concentration of 
dye in the desorbed solution was measured 
spectrophoto-metrically. Three cycles of adsorption-
desorption studies were accordingly carried out. The 
results showed desorption efficiencies for sodium 
hydroxide (96%) was higher than ethanol (85%). It is 
notable that the equilibrium of desorption was 
achieved rapidly within about 5 min, similar to the 
adsorption equilibrium. After the elution of the 
adsorbed dyes, the adsorbent was washed with DDW 
and dried under vacuum at 25°C and reused for dyes 
removal. The reusability of the sorbent was greater 
than 3 cycles without any loss of sorption capacity 
Therefore, the fluorene functionalized SBA-15 can be 
a good reusable and economical sorbent. 
 
Conclusion 
A simple and effective method is presented  
for removal of AB214 from water samples using 
fluorene functionalized SBA-15. The adsorbent is 
very effective in removing acidic dye and the 
adsorption of dyes to functionalized SBA-15 agrees 
well to the Langmuir adsorption model with 
maximum adsorption capacities of 454.5 AB 214. The 
higher adsorption capacity of fluorene functionalized 
SBA-15 may be explained due to the fact that it 
proceeds via electrostatic interaction and hydrogen 
bond formation between the surface of the adsorbent 
and acid dye. Adsorption kinetics of AB 214 on the 
prepared adsorbent follow the pseudo-second-order 
kinetic model. The adsorption of dye to fluorene 
functionalized SBA-15 is fast and the short duration 
of this experiment has significant practical 
importance. Also the preparation of fluorene 
functionalized SBA-15 is easy and low cost and the 
process of purifying water pollution is clean and safe. 
Hence, this methodology can be suitable for the large 
scale removal of the pollutant dyes from water.  
Table 4 ― Isotherm parameters for adsorption of AB214 on fluorene functionalized SBA-15 
Dye Langmuir  Freundlich 
 qm(mg g-1) b(L mg-1) R2   Kf(mg g-1) 1/n R2 
AB214 454.5 0.315 0.998  126.2 0.214 0.906 
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